Highly (100)-and (111)-oriented lead zirconate titanate (PZT) films with a thickness of 350 nm were deposited on platinized Si substrates through a single spinning of a PZT sol containing polyvinylpyrrolidone (PVP) as an additive. The crystallographic orientation of the film was strongly influenced by pyrolysis conditions after spin coating. When the spin-coated sol was pyrolyzed at temperatures above 320°C for relatively long periods of time (>5 min), (111)-oriented film was formed after annealing at 700°C for 10 min. On the other hand, when the same sol was pyrolyzed at 320°C for short periods of time (<5 min), the film was strongly oriented to the (100) direction after annealing. Organic residues derived from PVP decomposition acted as nucleation sites for the (100) oriented grains during annealing after the pyrolysis. The effective d 33 of the (100)-oriented PZT film (100 pC/N) was much higher than that of the (111)-oriented film (62 pC/N) with the same thickness.
I. INTRODUCTION
The oriented growth of lead zirconate titanate (PZT) thin films has been studied extensively because the ferroelectric and piezoelectric properties are strongly dependent on their crystallographic orientation. 1, 2 Many studies on the control of preferred orientation in PZT films are based on the substrate used. [3] [4] [5] In most cases, various single-crystal substrates were used to control the crystal alignment of the PZT films. For example, PZT films with (100), (110), and (111) textures were obtained using single-crystal SrTiO 3 or MgO wafers with the same orientations. However, single-crystal substrates have economical restrictions for real applications. Therefore, it is essential to develop a method for controlling the PZT orientation using platinized silicon substrates, which are widely used in silicon-based PZT applications.
Various deposition techniques, such as radio frequency (rf) magnetron sputtering, 6 metalorganic chemical vapor deposition (MOCVD), 7 and pulsed laser deposition (PLD), 8 have been used to produce highly oriented or epitaxial ferroelectric thin films. Also, chemical processes including the sol-gel method have been extensively investigated because these have advantages of easy control in composition, homogeneity, and shape. Recently, it was reported that more than one texture could be obtained on the same substrate by changing the processing conditions. [9] [10] [11] Highly textured (100) and (111) films pyrolyzed from sol-gel or metalorganic solutions on a Pt(111)/Ti/SiO 2 /Si substrate have been observed, which has attracted a great deal of interest for device applications. However, the processing parameters must be strictly controlled to obtain highly (100) or (111) oriented PZT films.
Films with the thickness of 0.5-10 m are required for various microactuator applications. Moreover, to improve the piezoelectric properties of a thick film, it is essential to control the orientation of the film. The addition of polyvinylpyrrolidone (PVP) in the sol has been reported to be effective in fabricating a thick PZT film. 12, 13 In this study, we investigated the effects of PVP on the texture formation of the thick PZT films deposited on a platinized silicon substrate. The piezoelectric properties, as well as the other electrical properties, of the PZT films with different orientations were measured and compared with those deposited using the conventional sol-gel method.
II. EXPERIMENTAL PROCEDURE
The PZT sol with a composition of Pb(Zr 0.6 Ti 0.4 )O 3 was prepared using a modified sol-gel method containing polyvinylpyrrolidone (PVP; average molecular weight of 1.3 × 10 6 , Aldrich, Milwaukee, WI where the molar ratio for PVP was defined for the monomer. Lead nitrate was completely dissolved in 2-methoxyethanol, and zirconium n-propoxide, titanium isopropoxide, and acetylacetone were added sequentially to the solution. The solution was mixed for 10 min at each step and the resulting solution was mixed at room temperature for 4 h. Finally, PVP was added to the solution and mixed for 2 h. The final solution was aged for 48 h after distilled water was added.
The films were fabricated by spin coating at 1500 rpm for 1 min onto a Pt(111)/Ti/SiO 2 /Si substrate (Inostek, Seoul, Korea). The coated films were pyrolyzed on a digitally controlled hot plate at 300-350°C for 0-10 min. The coated films were finally annealed at temperatures ranging from 450 to 700°C for 10 min by inserting the specimens into an electric furnace in air. These coating procedures were repeated several times to fabricate thick film specimens.
To identify the major evaporation, decomposition, and phase crystallization steps during heat treatment, powders were made from the stock solutions by evaporating the sol at 70°C, and analyzed by thermogravimeteric (TGA) and differential thermal analysis (DTA; Model DSC910S, DuPont, Wilmington, DE). The crystal structure and orientation of the PZT films were analyzed using x-ray diffraction (XRD; Model MXP18A-HF, MAC Science, Tokyo, Japan) with Cu K ␣ radiation. The thickness and morphology of the films were observed using a fieldemission scanning electron microscope (FESEM; Model JSM-6330F, JEOL, Tokyo, Japan). The microstructure of thin films was examined by observing cross-section of the thin films by a transmission electron microscope (TEM; Model CM20, Philips, Eindhoven, The Netherlands) operating at a 200 kV accelerating voltage. A high-resolution electron microscopy (HREM) image was obtained using a field-emission transmission electron microscope (JEM-6330F, JEOL) operating at a 300 kV. To evaluate the dielectric, ferroelectric, and piezoelectric properties of the films, 1-m-thick PZT films with (100) and (111) texture were fabricated by spin coating 3 times. The top electrodes of Pt with 1 mm diameter were deposited by the rf magnetron sputtering method. The dielectric and ferroelectric properties were examined by using the HP4194 (Hewlett-Packard, Palo Alto, CA) and TF analyzers (aix ACCT Systems GmbH, Aachen, Germany), respectively. The piezoelectric coefficients were measured using the strain-monitoring pneumatic loading method (SMPLM).
14 Poling was performed at each poling field strength for 100 s. For the purpose of comparison, PZT film with (111) crystallographic orientation was prepared using the conventional methoxyethanol-based sol-gel procedure. 15 Films with comparable thickness (0.8 m) were produced by repeating the spin coating process 12 times.
III. RESULTS AND DISCUSSION
The thermal behavior of the PVP containing PZT sol was characterized by the TGA and DTA analyses on the powders derived from sols with and without PVP (Fig. 1) . The TGA curves show that the weight loss occurred until around 500°C in both cases. The total weight loss of the specimen without PVP was about 35% while that with PVP was about 50%. The difference in weight loss was apparently caused by the addition of PVP. Compared to the specimen without PVP, the weight loss of the specimen with PVP in the range of 300-450°C was much higher, indicating the PVP had been decomposed and evaporated slowly at this temperature range. This slow decomposition and evaporation were deemed to be effective in suppressing crack formation during the heat treatment process. In other words, it reduced the stress concentration during the pyrolysis and annealing process. Without PVP addition, the perovskite phase began to form at 550°C. However, when PVP was added, the perovskite began to form at 480°C. This suggests that PVP might play an important role in the nucleation of perovskite crystals. The texture development of the film was observed by XRD analyses. Figure 2 shows the XRD patterns of the PZT (60/40) films deposited on platinized silicon substrates and pyrolyzed at (a) 300°C, (b) 320°C, and (c) 350°C for 5 min prior to annealing at 700°C for 10 min. The film pyrolyzed at 300°C and subsequently annealed at 700°C exhibited the (100) crystallographic orientation [ Fig. 2(a) ]. The texture of the film was partially changed to the (111) direction by increasing the pyrolysis temperature to 320°C, as shown in Fig. 2(b) . When the pyrolysis temperature was further increased to 350°C, the film grew almost entirely in the (111) direction [ Fig. 2(c) ].
The texture of the film was also affected by the pyrolysis time. The crystallographic orientations for various pyrolysis times at a fixed temperature (320°C) are summarized in Fig. 3 . As shown in this graph, at a short pyrolysis time, the films were randomly oriented [i.e., mainly (110) oriented]. With increasing the pyrolysis time, the texture of the PZT films changed to the (100) orientation and eventually to the (111) orientation. The (100) orientation was dominant in the range of 2-3 min, and the (111) orientation was dominant over 5 min. The transition occurred quite rapidly and the time for the transition was strongly dependent on the pyrolysis temperature.
Usually, the crystallographic orientations of the sol-gel derived PZT films were controlled by the pyrolysis conditions. There are several reports showing that the texture of PZT changes from (111) to (100) by increasing the pyrolysis temperature from 300 to 450°C, and approximately 400°C is regarded as the transition temperature. Brooks et al. 10 reported that this phenomenon was caused by the formation of metastable pyrochlore phases. On the other hand, Chen et al. 11 suggested that the growth of PZT(100) was influenced by the presence of a microcrystalline PbO(100) seed layer that had been formed during pyrolysis. However, in the present PVP-containing sol-gel method, the trainsition temperature was much lower than the temperature at which pyrochlore phases or PbO(100) microcrystals are formed. Moreover, in contrast to the conventional sol-gel method, the texture changed from the (100) to the (111) orientation. This indicates that a different orientationcontrolling mechanism works in this PVP-containing system. The PVP content after pyrolysis is believed to be one of the major parameters in determining the growth mechanism of the films.
The effect of residual PVP on the texture development was also observed during the annealing process. Figure 4 shows the XRD patterns of the PZT films annealed at various temperatures after pyrolysis at 320°C for 3 min [ Fig. 4(a) ] and for 8 min [ Fig. 4(b) ]. When the film was pyrolyzed at 320°C for 3 min, the perovskite peak of the (100) orientation was detected from 500°C [ Fig. 4(a) ], and the intensity of the (100) peak increased with increasing the annealing temperature. On the other hand, when the film pyrolyzed for 8 min was annealed, the (111) peak began to be observed at 550°C [Fig. 4(b) ]. These results match well with the DTA and TGA observations (Fig. 1) . Usually, PZT films deposited on Pt(111) grow preferentially along the (111) orientation because the growth of PZT is controlled by the nucleation step. 11, 16 In the present PVP-containing system, however, the growth of PZT was deemed to be controlled by the growth step. In other words, a small amount of PVP residue, which remains after pyrolysis, acts as a seed for (100) and (111) orientations as a function of the pyrolysis time. All samples were pyrolyzed at 320°C and annealed at 700°C for 10 min.
the nucleation of PZT crystals during annealing. As the barrier for the nucleation is diminished, the crystalline orientation of the film is controlled by the growth step. In this case, the film grows along the direction with the lowest surface energy, which was found to be the (100) direction in the PZT system. 10 If the pyrolysis temperature or time is increased, the orientation of the film is controlled by the nucleation step again due to the lack of PVP residue inside the film.
The morphologies of the (100)-and (111)-oriented PZT films are shown in Fig. 5 . Figure 5(a) shows the fine and uniform grains (∼200-300 nm) of the (100)-oriented film. In contrast, the grain size of the (111)-oriented film was relatively large, as shown in Fig. 5(b) . Because the PVP residue enhanced the nucleation of the PZT crystallites, there are more seeds in the (100)-oriented films than in the (111)-oriented film. Therefore, the grain size of the (100)-oriented film was smaller than that of the (111)-oriented film.
The films were further analyzed by TEM observations and electron-diffraction patterns as shown in Fig. 6 . Figure 6 (a) is a cross-sectional TEM image of the (100)-oriented film, which shows the columnar grains and many pores with nanometer scale inside the grains. The electron diffraction pattern in Fig. 6(b) shows that the (100) spot of PZT is apart from the (111) spot of Pt, supporting that there is no crystallographic correlation between the PZT and the Pt elecrtode. The TEM image of (111)-oriented film [ Fig. 6(c) ] is quite different from that of the (100) film; the grain size is larger, and the grain boundary region is thicker compared to the (100) film. Furthermore, the electron diffraction pattern revealed that the (111) spot of the film overlapped with the Pt (111) spot, as shown in Fig. 6(d) . This pattern indicates that PZT(111) grains are epitaxially grown from Pt (111) plane. The grain boundary phase [arrow in Fig. 6(c) ] was closely observed with the HREM. As shown in Fig. 6(e) , the grain boundary region was composed of nano-sized crystals with random orientation. According to fast Fourier transformation (FFT) of the HREM image, those crystals have different lattice constants (3.07 Å) with respect to PZT planes (2.96 Å) [ Fig. 6(f) ]. Therefore, the grain boundary phase of the (111) oriented grains is composed of randomly oriented nano-sized pyrochlores. The quality of the films was estimated by measuring dielectric, ferroelectric, and piezoelectric properties of the films with different crystallographic orientations. To evaluate these electrical properties, 1-m-thick PZT films with (100) and (111) orientations were fabricated by spin coating 3 times. The relative dielectric constant and loss factor as a function of frequency are shown in Fig. 7 . The dielectric constants of the (100)-and (111)-oriented films decreased slightly with increasing the frequency. The (100)-oriented film had larger dielectric constants and slightly higher losses at all the frequencies than the (111) oriented film. Figure 8 shows the P-E hysteresis loops of 1-m-thick PZT (60/40) films with different crystal orientations. The remnant polarization and coercive field of the (111) oriented films were larger than those of the (100)-oriented films as expected from theoretical calculations. 17 The piezoelectric properties of the 1-m-thick PZT (60/40) films with (100) and (111) crystallographic orientations are shown in Fig. 9 previous results measured using a laser interferometer. 2 The d 33 of the (100)-oriented film fabricated by the sol containing PVP was 100 pC/N. The higher d 33 of the (100)-oriented film compared to the (111) film in the rhombohedral phase region has been also observed previously. 1, 2 The electrical properties of the (100) and (111) oriented PZT film by PVP modified sol-gel method are summarized in Table I .
All the electric properties of the film from the the current PVP-containing sol-gel process were not much different from those of the films made by other processes. Therefore, the addition of PVP to PZT sol as an additive is a simple and reliable process to control the crystallographic direction of PZT films economically and reproducibly.
IV. CONCLUSION
Highly (100)-and (111)-oriented PZT films as thick as 350 nm were deposited on platinized Si substrates through a single spinning of a PZT sol containing PVP as an additive. The crystallographic orientation of the film was strongly influenced by pyrolysis conditions after spin coating. When the spin-coated sol was pyrolyzed at tempertaures above 320°C for longer than 5 min, (111) oriented film was formed after annealing at 700°C for 10 min. On the other hand, when the same sol was pyrolyzed at lower temperatures or for short periods of time, the film was strongly oriented to (100) direction after annealing. Organic residues derived from PVP decomposition were deemed to act as nucleation sites for the (100)-oriented grains during annealing after the pyrolysis. Dielectric, ferroelectric, and piezoelectric properties of the films were comparable to those of the films fabricated by other processes.
